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ABSTRACT

The evolution and relationship between life-history traits has been a popular research
topic over the past several decades. Previous research has generally focused on a single or small
number of species, or a single trait. I utilized multiple trait-based datasets to create a collection of
777 Mammalia species across five taxonomic orders (Artiodactyla, Carnivora, Chiroptera,
Primates, Rodentia) to examine the relationships between size, longevity, maturity age, and
number of offspring, both within the taxonomic orders and across the Mammalia clade. I found
that although the general pattern followed classic “fast-slow continuum”, there were some
exceptions to this pattern, specifically body size in Chiroptera and litter size in Artiodactyla and
Primates. This suggests that although a correlation between certain life-history traits exist,
“slow” traits (large size, long life, few offspring) do evolve in species with “fast” traits when
limited by other factors, such as the size requirements for flight.
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CHAPTER I
INTRODUCTION

As technology has begun to be more integrated into scientific research, data archiving,
cultivation, and access are becoming more important throughout all fields of science. Biology,
particularly genomics, has fully embraced the use of large archived datasets. Researchers in
evolution and ecology have been slower to embrace the use of large data collections, a topic that
has been addressed before (Fabian & Flatt, 2012; Hampton et al., 2013). While the use of large
datasets in evolution and ecological studies has increased in recent years, most big data
examinations are focused on climate change and genomic research. Hampton et al. (2013)
proposed that this issue is due to the fact that while ecologist produce large amounts of data,
there is a lack of culture of data curation, archival, and sharing, so that specific ecological data is
often difficult to locate and/or access (Fabian & Flatt, 2012; Hampton et al., 2013). This could
also be due to accessibility and the wide variety of data collected in evolution and ecological
studies. Climate data for example, has free public datasets available from the National Oceanic
and Atmospheric Administration, with average temperatures and rainfall, along with hourly
temperatures and rainfall since the 1960s (see: https://www.ncdc.noaa.gov/cdo-web/datasets).
These basic variables and measurements are fairly standard across most climate studies. This is
often not possible in many evolution and ecological studies, as research can cover topics such as
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distributions, behaviors, interactions and life histories of species, populations, and communities,
making a “catch all” dataset difficult to cultivate and quantify. Even basic information, such as
body measurements, are normally collected based on the taxonomic classification. Size
measurements can include wingspan, shell size, or nose-to-tail length, which makes data
standardization a difficult process due to the extremely large number of possible variables.
Despite the challenges with large trait-based datasets, some organizations have begun to cultivate
data, making their archives free and available to the public. Amniote (Myhrvold et al., 2015),
PanTHERIA (Jones et al., 2009), and COMADRE (Salguero-Gomez et al., 2016) provide free,
trait-based datasets, while Traitbank (Parr et al., 2016) is a repository for ecologist to upload
their data, which is then aggregated and managed for public access. These datasets provide
researchers with large amounts of easily accessible and verified data. Such datasets make it
possible to address broad ecological and evolutionary questions within and across phylogenetic
classifications.
Life history theory explores how natural selection and other evolutionary forces optimize
an organism’s fitness with respect to their traits at various stages of development. Stearns (1992)
identified the principle life history traits as: 1) size at birth, 2) growth pattern, 3) age at maturity,
4) size at maturity, 5) number/size/sex ratio of offspring, 6) age and size specific reproductive
investments, 7) age and size specific mortality schedules 8) length of life. These traits and their
connection to constraining relationships, or trade-offs, shape and optimize an organism’s
phenotype. Understanding life-history traits is critical for understanding how natural selection
shapes an organism’s fitness in response to ecological challenges, as life-history traits are the
principal components of fitness (Stearns, 1992). Stearns (1992) describes importance of life
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history theory as the key to understanding natural selection, genetic variation, and population
dynamics of interacting species (Stearns, 1992).
There are still many unknowns surrounding the evolution of life histories. One reason for
this is due to the convergent evolution of life history traits throughout the phylogenetic tree. For
example, large body size and long lifespans have evolved independently, numerous times across
a wide variety of species, throughout the history of life. For example, the common mammal
ancestor is predicted to have been a short lived, small, mouse-like insectivore (O’Leary et al.,
2013), meaning that large bodies and greater longevity have evolved multiple times even when
focusing exclusively on the Mammalia clade. Indeed, local adaptations are common and can
generally be attributed to a specific response to a specific environmental condition or
competition. Lineage specific traits and the relationship between these traits can be more difficult
to examine without a specific ecological driver. Recent research has begun to work backwards,
focused on the molecular mechanisms, that can be attributed to a single life history trait. These
approaches analyze cellular characteristics between species at opposite ends of that trait (e.g.
small mammal/large mammal) (Croco et al., 2017) to find molecular similarities that influence
the same factors. Researchers have found that the convergent mechanisms for the evolution of
large body size has been attributed to: the high replicative potential of normal cells (Lorenzini,
2005), having an efficient spindle assembly check point (Lorenzini, 2011), accurate
erythropoiesis (Croco, 2016), decreased telomerase activity (Gomes, 2011; Seluanov, 2007), and
the increase expression of oncosuppressors (Sulak, 2016). Similarly, the suggested mechanisms
for the evolution of increased longevity in species include: improved Ku recognition of DNA
double strand breaks (Lorenzini, 2009), more efficient 538P1/yH2AX DNA damage foci
formation (Croco, 2017; Fink, 2011), and decreased telomere length (Gomes, 2011). In primates,
3

longevity-associated gene categories have been identified and examined (Jobson et al., 2010), as
well as the biological processes that modulate lifespan (Muntané et al., 2018). While this has
provided insight into what drives these traits at a molecular level, this research still does not
address any of the ecological and environmental factors, or relationships between these traits that
have been observed in numerous studies. This approach indicates that body size and longevity
are driven by different molecular mechanisms, yet the pattern of large species generally having
longer lifespans than smaller species, specifically in mammals, has been shown in numerous
studies (Bielby et al., 2007; Fisher et al., 2001; Harvey & Promislow, 1990; Myhrvold et al.,
2015; Oli, 2004; Ricklefs, 2000). If these life history traits are driven by different molecular
mechanisms, what relationships exist between these traits and how closely are they related?
The relationship between life history traits can be difficult to properly examine, but
previous research suggests that life-history traits are constrained evolutionarily by trade-offs
(Stearns, 1992). In the absence of such trade-offs we would expect the evolution of a ‘Darwinian
demon’, a species with infinite energy that can exist never making energy trade-offs between
size, reproduction investments, growth, development, and longevity. However, because
individuals have limited energy, trade-offs among life-history traits constrain the evolution of
such traits. To address these energy requirements that constrain the evolution of life-history
traits, previous research often used models built on r/K selection theory. This classified species
as r-selected, meaning generally smaller, producing a high number of offspring, exhibiting low
energy investment in offspring, type 3 survivorship pattern, or K-selected, which is associated
with generally larger individuals, a low number of offspring, high energy investment in
offspring, and type 1 or 2 survivorship pattern. While this theory has been criticized due to its
ambiguity (Getz, 1993; Stearns, 1988; Wilbur et al., 1974), the general ideas behind this theory
4

provide the framework for the models of life history that are often used today. The classic fastslow continuum, defined by Reynolds (2003) as: “fast life” meaning small adult size/offspring,
mature early, short generation time, high fecundity, short lifespan and “slow life” being the
opposite of those traits. Many studies have examined and supported the fast-slow continuum
(Bennett & Owens, 2002; Bielby et al., 2007; Elgar, 1990; Fisher et al., 2001; Franco &
Silvertown, 1996; Harvey & Promislow, 1990; Loehle, 1988; Myhrvold et al., 2015; Oli, 2004;
Ricklefs, 2000; Saether, 1987). This model of life-history evolution does have some underlying
problems however and can be controversial due to the lack of specifics in traits, consistency in
methods, and external ecological/biological factors (Jeschke & Kokko, 2009). There are also
general inconsistencies with certain species that repeatedly defy the fast-slow continuum. For
example, birds are extremely long lived in relation to their body mass when compared to
mammals (Finch, 1994; Austad & Holmes, 1995), which is also seen in bats (Fenton & Kunz,
2005; Foley et al., 2018; Jones & MacLarnon, 2001; South & Wilkinson, 2002), and mammals
that hibernate (Blanco & Zehr, 2015; Lyman et al., 1981; Turbill et al., 2011; Zehr et al., 2014).
Despite these issues, the fast-slow continuum can generally be applied to mammalian life
histories (Bielby et al., 2007; Fisher et al., 2001; Harvey & Promislow, 1990; Myhrvold et al.,
2015; Oli, 2004; Ricklefs, 2000) and served as a predictor in my examination of life-history
relationships. While Bergmann’s Rule has generally been supported (Ashton et al., 2000;
Ashton, 2002; Dayan & Meirl, 2003), suggesting that species body size increases with its
distance from the equator, my goal for this research was focused more on the relationships
between the traits and across taxonomic groups.
Previous research examining the evolution of life history traits has often focused on a
limited number of species and limited number of traits. Few studies, in contrast, have used large
5

datasets to focus on multiple traits across a large scale of a taxonomic classes. In the present
study, I utilized large ecological and evolutionary datasets to explore broad-scale relationships
between life history traits, both within and across taxonomic groups. Specifically, I examined
relationships between adult size, sexual maturity age, lifespan, and clutch/litter size in 777
species across five taxonomic orders in Mammalia (Artiodactyla, Carnivora, Chiroptera,
Primates, Rodentia). I selected these life history traits and species for specific reasons. Previous
studies (Stearns, 1980; Stearns, 1992) have suggested that higher-taxonomic level examinations
could provide a better representation of lineage-specific trait divergence, in life history evolution
focused studies, as the species have shared ancestry (phylogeny). The genetic similarities from
shared ancestors can provide an expected covariance between species, which can help when
differentiating between lineage-specific effects and local adaptive effects (Whitehead, 2012). I
focused on these specific life-history traits, as they are key life-history traits that are present in a
range of taxonomic groups, and as such, they allow for comparisons across a large proportion of
animals. By using data that represents each of the life history categories and that are consistent
across all taxonomic groups being analyzed, we can gain insight on the correlations between life
history traits across multiple taxonomic groups, thus providing more information on the
evolution of these traits at a broad scale.
Many of the past examinations of these life-history traits suggests general patterns may
exist within the lineage specific traits of species. For example, based on the fast-slow continuum
hypothesis, larger mammals generally have longer lifespans, reach sexual maturity at a higher
age, and have smaller clutch/litter sizes (Bennett & Owens, 2002; Bielby et al., 2007; Elgar,
1990; Fisher et al., 2001; Franco & Silvertown, 1996; Harvey & Promislow, 1990; Loehle, 1988;
Myhrvold et al., 2015; Ricklefs, 2000; Saether, 1987), As a result, I expected adult body size to
6

have an inverse relationship with clutch/litter size and a direct, positive relationship with lifespan
and sexual maturity age. I also expected lifespan and sexual maturity age to have an inverse
relationship with clutch/litter size, but a direct, positive relationship with each other. I expected
the exception to this prediction to be the order Chiroptera, due to previous research (Fenton &
Kunz, 2005; Foley et al., 2018; Jones & MacLarnon, 2001; South & Wilkinson, 2002)
suggesting that bat body mass has little relationship with other traits, possibly due to the size
restrictions needed for flight.
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CHAPTER II
METHODS

Fabian and Flatt describe life history evolution by categorizing relevant traits into five
categories: size, development, offspring number, lifespan, and survival (Fabian & Flatt, 2012). In
the present study, I focused on size, number of offspring, development, and longevity, as
variation and a lack of standardization among ecological datasets make survival rates difficult to
accurately measure and compare across a broad range of species. Adult body mass, average
lifespan, sexual maturity age, and average litter size represent my selected traits of size,
longevity, number of offspring, and development, as they provided the largest and most diverse
data available. As the number of organisms and variety of species in this examination covers
such a wide range of values, I was cautious in both my approach to analysis and in interpreting
the results. Previous studies have used a variety of different analyses to examine trait-based
comparisons to remove factors such as behavior, environment, and other ecological factors that
could possibly influence the results. Since my examination is looking at groups of organisms in a
very large-scale analysis, I used the “rules of thumb for comparative analysis” as described by
Stearns (1992). Traits were examined and compared across each of the 5 taxonomic orders and
overall (taxonomic class). Previous studies (Stearns, 1980; Stearns, 1992) have suggested that in
studies of life history evolution, higher-taxonomic level examinations can provide a better
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representation of lineage-specific trait divergence, as the species have shared ancestry
(phylogeny). The genetic similarities of the species provides an expected covariance between
them, as species with the most recent shared ancestry would be expected to share similar traits.
These expected covariances can help differentiate between lineage-specific effects and local
adaptive effects (Whitehead, 2012). At the present time, my aim was to provide a first
exploration of the relationships between life-history traits at broad phylogenetic scales; as such, I
didn’t utilize phylogenetic comparative analysis methods, although this will be a critical next
step in this line of research.

Dataset Collection And Preparation
I downloaded full datasets of all life-history traits listed above from the Amniote Life
History (Myhrvold et al., 2015), PanTHERIA ((Jones et al., 2009), and AnAge (Magalhães et al.,
2009). All analyses described below were performed in R (version 3.5.2). I first removed any
data that did not contain a reference and removed all species not in the taxonomic class
Mammalia. I next compared different variables for each of the life history traits being examined
(size, development, offspring produced, and longevity) to determine which traits had the largest
amount of information available and were measured in the same manner (or could easily be
converted to the same measurement). The specific life-history variables selected for this study
were the following: average adult body mass (kg), average lifespan (years), average age of
sexual maturity (years), and average litter size. I then removed any species with missing data. All
species with multiple entries were aggregated and averaged. The remaining data was comprised
of 1038 different species, across 26 different phylogenetic orders. The majority of these species
were classified in 5 different orders, which I chose to analyze as they provided a similar number
9

of species in each. The final collection of mammals represented approximately 14% of all 5,416
Mammalia species (Reeder & Wilson, 2005) with a total of 777 species.

Table 1 Number of species included in each phylogenetic order in the dataset
Taxonomic Order

Species

Artiodactyla

159

Carnivora

152

Chiroptera

152

Primate

127

Rodentia

187

Table 2 Total number of taxonomic classifications within Mammalia represented in the dataset
Classification

Total Number

Order

5

Family

75

Genus

356

Species

777

Statistical Analysis
I approached this study as an examination of the relationships between these 4 life history
traits. All statistical analysis regression models examined each phylogenetic order individually,
comparatively, and combined. Specifically, I used linear regression to examine the pair-wise
relationships between body size, lifespan, sexual maturity age, and average litter size, for the allspecies group and each individual order. Body mass was log-transformed to condense the range
10

in values, not for distribution purposes. This approach is recommended to reduce error, while
maintaining similar relationships between data (Smith, 1984). The range in values in the other 3
traits were not large enough to require a log transformation.

Hierarchical Clustering
Hierarchical clustering analysis (Johnson, 1967) is a form of statistical analysis that
constructs a hierarchy of like groups (clusters) and is commonly used in genomic research due to
its ability to discover similarities between objects within large amounts of data. The goal of this
analysis was to identify which traits appear to be most strongly correlated or related, regardless
of ancestry. To examine the similarities in correlations of life history traits between these
species, I used the pvclust package (Suzuki & Shimodaira, 2006) as the clustering method, which
clusters using two types of p-values: approximately unbiased (AU) and a bootstrap probability
value (BP). Correlations are computed between each trait. These values are then examined with
each life history trait belonging to its own cluster. In every iteration the distance between any
two clusters A and B is taken to be the mean of all distances d(x, y) between pairs of objects x in
A and y in B, that is, the mean distance between elements of each cluster. Each iteration updates
the distance between existing cluster connections and a new cluster X is given based on the
proportional averaging of the distances of dA, X and dB, X. Standard bootstrap resampling is used to
determine BP, while multiscale bootstrap resampling is used to calculate AU. These two
bootsrap methods are alternative ways to generate p-values, meaning that clusters with:
AU >= 95% and/or BP >=95%, are considered to be strongly correlated (Shimodaira & Suzuki,
2006).
11

CHAPTER 3
RESULTS
Statistical Analyses: How Do Life-History Traits Covary?
Body Mass In Relation To Lifespan, Sexual Maturity Age, And Litter Size
Body mass was significantly and positively correlated with both lifespan and sexual
maturity age in all of the five individual orders (Figure 1; Figure 2; Table 3). The r2 values
ranged from 0.19 to 0.69 for sexual maturity age (overall r2 = 0.4214) and 0.1 to 0.56 for lifespan
(overall r2 = 0.3259) (Table 3), suggesting that variation in body mass is correlated with a
substantial amount of the variation in both sexual maturity age and lifespan in all taxonomic
groups.
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lifespan (years)
body mass(kg) (log)

body mass(kg) (log)
Figure 1 Regression of lifespan to body mass in each phylogenetic order

sexual maturity age (years)
Figure 2 Regression of body mass to sexual maturity age in each phylogenetic order

The litter size relationship appears slightly weaker. I found the relationship between body
mass and litter size to be significantly and negatively correlated across the all-species group and
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in four of the five orders, with r2 values ranging from 0.0313 to 0.1948 (Figure 3; Table 3). There
was no significant relationship between body mass and litter size in Chiroptera (Table 3).
Together, these results suggest that in general species with larger body sizes also tend to have

litter size

longer lifespans, mature later in life, and have fewer offspring in their litters.

body mass(kg) (log)
Figure 3 Regression of average litter size to body mass in each phylogenetic order

Litter Size In Relation To Lifespan And Sexual Maturity Age
Litter size was negatively correlated with lifespan in the all species grouping and in four
of the five orders (Figure 4; Table 3). There was no significant relationship between litter size
and lifespan in Artiodactyla (Table 3). Likewise, sexual maturity age and litter size were
significantly and negatively correlated in Carnivora and Primates (Figure 5; Table 3).
There was no significant relationship between sexual maturity age and litter size in the allspecies grouping, Artiodactyla, Chiroptera, or Rodentia.
14

litter size
litter size

lifespan (years)
Figure 4 Regression of average litter size to lifespan in each phylogenetic order

sexual maturity age (years)
Figure 5 Regression of average litter size to sexual maturity age in each phylogenetic order
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Sexual Maturity Age In Relation To Lifespan
Sexual maturity age was strongly and positively correlated with lifespan in the all species
grouping and in all five individual orders (Figure 6; Table 3). The r2 values ranged from 0.2336
to 0.6325, suggesting that variation in sexual maturity age is strongly correlated with lifespan

sexual maturity age (years)

across taxonomic groups (Table 3).

lifespan (years)
Figure 6 Regression of sexual maturity age to lifespan in each phylogenetic order

16

Table 3 – The r and r2 values across all phylogenetic orders.

Note. p-values are represented by significance levels: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). All blank cells have a p-value > 0.05
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Hierarchical Clustering Analysis
Body mass, lifespan and sexual maturity age were strongly correlated with one another,
with AU and BP values both greater than 0.95 for all the relationships (meaning estimated
computed p < 0.05) between these three traits. Litter size AU/BP values indicated an
insignificant relationship with body mass (AU = 0.36, BP = 0.38) and an even weaker
relationship with lifespan and sexual maturity age. While these values indicate that litter size
could be influenced by the three other traits, the correlation between litter size with body mass,
lifespan, and sexual maturity age is much weaker. These results support the statistical analysis
which suggest a stronger correlation between body mass, lifespan, and sexual maturity age,
which implies that larger species tend to have greater longevity and mature later in life.

18

CHAPTER IV
DISCUSSION
Here, I have illustrated the relationships between several life-history traits across a broad
range of species in the Mammalia class. As predicted, adult body mass had a strong, positive
correlation with lifespan and sexual maturity age and a negative correlation with litter size. This
suggests that larger species tend to live longer, mature later, and have fewer offspring. This
pattern has been seen in multiple studies in plants (Franco & Silvertown, 1996; Loehle, 1988),
fish (Elgar, 1990), reptiles (Myhrvold et al., 2015), birds (Bennett & Owens, 2002; Myhrvold et
al., 2015; Ricklefs, 2000; Saether, 1987), and mammals (Bielby et al., 2007; Fisher et al., 2001;
Harvey & Promislow, 1990; Myhrvold et al., 2015; Oli, 2004; Ricklefs, 2000). Lifespan and
sexual maturity age specifically show a very strong relationship (r2 = 0.6199, p < 0.001), which
has previously been described as a proportional constant (Berrigan & Charnov, 1990). and could
explain the strong relationship between these traits. The relationships between body mass and
lifespan (r2 = 0.3921, p < 0.001) and between body mass and sexual maturity age (r2 = 0.3259, p
< 0.001) are also notable (Table 3). Cluster analysis further supported the regression models,
indicating the strongest relationship as cluster 1 (lifespan and sexual maturity age), followed by
cluster 2 (cluster 1 + adult body mass). The p-values for litter size generated during cluster
analysis were above the threshold (p < 0.05) to be considered as having a significant relationship
with the remaining traits (Table 7). These patterns align with the general patterns seen in my
regression models as well.
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Examining Artiodacyla, Carnivora, Chirpotera, Primates, and Rodentia from a
phylogenetic evolutionary scale might help illustrate patterns in the emergence of these four life
history traits. For example, using a genome based, phylogenetic tree (Springer et al., 2004), the
five Mammalia orders (Artiodacyla, Carnivora, Chirpotera, Primates, and Rodentia) fall into
two subclasses, Euarchontoglires and Laurasiatheria (Figure 8) (Springer et al., 2004). Primates
and Rodentia are both found in Euarchontoglires, but are on different sides of an evolutionary
fork (Figure 8). The differences in evolution between Primates and Rodentia are classic
examples of the fast-slow continuum. This could help explain why although Rodentia and
Primates have the same general patterns in their life history traits, Primates, in general, are
larger, live longer, mature later, and have fewer offspring (slow), while Rodentia are the opposite
(fast). The possible evolutionary relationship of lineage-specific traits might be more apparent
when examining the phylogenetic orders of Chiroptera, Artiodactyla, and Carnivora. These
three orders are all members of subclass Laurasiatheria, which has been suggested could a more
recent common ancestor (Springer et al., 2004) (Figure 8). Many of the relationships between
life history traits in these three orders share very similar patterns, with a few exceptions,
specifically body mass and litter size. Body mass and litter size seem to have almost no
relationship in Chiroptera, which was predicted, as previous work has suggested that body mass
is largely independent from other life history traits in bats (Fenton & Kunz, 2005; Foley et al.,
2018; Jones & MacLarnon, 2001; South & Wilkinson, 2002). Artiodactyla, the order of the evenhooved land-dwelling mammals, litter size appears to have no significant relationship with
lifespan or maturity age and has an r2 = 0.031 with adult body mass.
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This could be due to the wide range of trait values in Artiodactyla (body mass = 5.12kg
to 1814.36kg, lifespan = 5 years to 75 years, maturity age = 0.25 years to 15 years), but having
an average litter size of 1.38 (with a max value of 7), suggesting that despite having a large range
in body mass, longevity, and maturity age, the number of offspring doesn’t seem to change
proportionally with these traits (Table 3).

Figure 7 Phylogenetic Tree of Subclasses Euarchontogires and Laurasiatheria from Springer et
al. (2004)

The patterns observed in this analysis still generally follow the traditional fast-slow
continuum. I would suggest that future life-history research take advantage of big data from
multiple disciplines. For example, analyzing the genomes, climates, energy requirements, and
life history traits of all life simultaneously, could provide more insight on the ecological factors
that have caused these patterns to appear numerous times throughout the history of life. As the
21

research community continues the trend of standardizing, cultivating, and archiving free access
datasets, future research may have enough data resources to attempt life history analysis at that
cross-discipline scale. A better understanding of why these life-history traits evolve and the
relationship between lineage specific traits could help provide a blueprint for conservation
efforts. Knowing the ecological drivers behind traits such as size, longevity, and reproductive
success could help identify and predict species more sensitive to climate change, habitat loss, or
other environmental factors.
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